Abstract-This paper deals with the multiuser medium access problem in the packet radio environment. Under the framework of network diversity multiple access (NDMA), a recently proposed medium access method, a blind collision resolution scheme is proposed employing rotational invariance and factor analysis techniques. The proposed approach (dubbed B-NDMA for Blind NDMA) overcomes the difficulty of orthogonal identification codes required by the original protocol, thereby improving channel utilization and system capacity, while being insensitive to multipath effects and synchronization errors. Performance issues of the proposed technique are addressed both analytically and numerically.
I. INTRODUCTION
I N A WIRELESS cellular setup, the transmission medium is inherently broadcast, and provides no protection from interference among the wireless users. Hence the medium access problem, that is, the multiplexing of multiple wireless users in the same cell is far from trivial. Various solutions to this resource allocation problem have been proposed, depending on the traffic characteristics of the users.
A great majority of the existing wireless cellular infrastructure supports voice services or other constant-bit-rate (CBR) connections. Under these idealized traffic conditions, simple solutions like FDMA or TDMA schemes can isolate different transmissions and transform the problem into multiple single-user communication setups (e.g., [4] ). However, even when only voice users are concerned, it appears that multi-user solutions (CDMA) coupled with advanced signal processing at the receiver can provide added flexibility and improved capacity, and are preferred for future wireless networks [18] .
The medium access problem becomes substantially more challenging when data users or variable-bit-rate (VBR) sources are considered. With the advent of mobile computing, video conferencing, web browsing, etc., it is expected that VBR services will become more and more important in the future, and will require efficient medium access strategies. Unfortunately, FDMA and TDMA are known to be very inefficient for bursty sources [9] . While CDMA is somewhat better due to its relatively graceful degradation under increasingly heavier load, it still represents a fixed resource allocation scheme that is inefficient when dealing with VBR traffic.
Relatively simple medium access strategies for bursty users include random access protocols of the ALOHA type, e.g., [1] , wherein collided packets are discarded and later retransmitted. Although better suited to handle VBR traffic than FDMA/TDMA, ALOHA schemes suffer from substantial throughput penalties and underutilization of the channel under relatively heavy loads. Improvements like carrier sensing (CSMA) and collision detection (CD) are helpful but cannot be reliably implemented in a wireless environment as they require a "listen-while-talk" feature which is not possible in wireless transmissions. Instead, data sensing (DSMA) is usually implemented, wherein the base station broadcasts the channel status on a separate down-link control channel [10] .
Notice that in most random access protocols little signal processing is involved and no attempt is made to separate the colliding packets. In the communications and signal processing literature, there has recently been intense research activity in user separation in the context of CDMA multiuser detection [18] , and also in Space-Division Multiple-Access (SDMA) wireless networks, cf. [8] and references therein. Either way, collision resolution through multiuser detection/spatial source separation requires extra diversity, either in the form of spreading codes [18] with which the individual symbols are spread, or powerful error control codes (in the spirit of GMAC [3] ) with which the user packets are coded, or in the form of antenna arrays. Spreading is bandwidth-consuming, and so is GMAC-type coding, which also requires complex decoding. Antenna arrays can only help resolve up to a relatively small fixed number of colliding packets ( number of elements), and require relatively expensive hardware. It therefore makes sense to investigate whether one can rely on network resources alone to carry out the collision resolution burden, possibly aided by, but not counting on other forms of diversity.
In [7] , a novel random access protocol was proposed and analyzed. The protocol, named Network Diversity Multiple Access (NDMA), exploits network resources to provide diversity and allow the receiver to separate the colliding users. NDMA is a slotted random access protocol that builds on the following idea:
0090-6778/02$17.00 © 2002 IEEE if users collide, the base station (BS) will instruct them to transmit a total of times, resulting in different versions of the original superposition of the user signals. Then a source separation algorithm is invoked to resolve the collision. The method only requires channel slots to transmit a total of user packets and therefore has excellent throughput characteristics.
The NDMA method in [17] introduced a signal processing viewpoint to the collision resolution problem. Its critical assumption is that the base station is able to reliably detect how many users have collided based on the first reception of the collision signal. Given this information, intelligent retransmission strategies could be initiated by the base station. The detection of the active users is based on training sequences assumed to be embedded in each user's packet. In order to make the detection problem tractable, those training or identification (ID) sequences are assumed orthogonal to each other.
The orthogonality assumption for the ID sequences is responsible for a major drawback of the method of [17] . The length of the user ID sequence is required to grow linearly in the number of users and not logarithmically, as is usually the case with addressing schemes. Therefore, for a large user population (active inactive users), the induced overhead may be substantial. Furthermore, the orthogonality assumption is sensitive to multipath effects and lack of synchronization of the colliding users [20] .
In order to overcome these difficulties, in this paper we explore the applicability of blind signal separation methods to the collision resolution problem. Our goal is to avoid the use of training ID sequences in the NDMA approach. We modify the protocol, and control each packet's initial phase in such a way that a structured mixing matrix is constructed through the retransmissions. The signature of each colliding user has a Vandermonde form and can be blindly estimated through rotational invariance techniques.
The proposed method results in substantial computational savings since the complexity of the method is proportional to the number of colliding users, which is typically a small number. In contrast, the method of [17] has a complexity that is proportional to the total number of users in the system, irrespective of how many of them have collided. Furthermore, the proposed method is insensitive to multipath effects and synchronization errors among the users.
The rest of this paper is organized as follows: a brief description of existing NDMA methods and associated drawbacks are presented in Section II. A new blind collision resolution method using rotational invariance and factor analysis techniques is discussed in Section III, while its performance is studied in Section IV. Section V presents simulation results that corroborate our performance analysis, and Section VI summarizes our findings.
II. PROBLEM STATEMENT
The NDMA approach is meant to be implemented in slotted cellular packet radio systems, as illustrated in Fig. 1 . In each slot a user may send a fixed-length data packet composed of QAM symbols, provided that it is allowed to transmit and its data buffer is nonempty. Since there is no coordination among the users, two or more users may collide in a channel slot. In traditional random access schemes the collided data are customarily discarded, and later retransmitted under the control of upper layer protocols. The channel slots in which collisions occur are therefore wasted. The novel idea of NDMA originated from the observation that the collided data do contain useful information; exploiting this information enables increased channel utilization.
Assume that the channel between every user and the BS is slowly (compared to the slot duration) frequency-flat fading, and that the users are perfectly synchronized with the slot timing. Then the baseband discrete-time symbol-rate signal received at the BS in a channel slot will be the superposition of signals from all users transmitting in the said slot. It can be written in vector form as (1) where is an vector representing the packet sent by user in slot ; and represent the received signal vector and noise vector in slot , respectively; and is a random initial phase 1 . It is assumed that is constant within a slot and i.i.d. in and , is white Gaussian noise (WGN), and both are independent of the user signals . The indices of all users colliding in slot are collected in the set . Note that the signal model described in (1) constitutes a classic signal separation problem, where the colliding packets are the sources that need to be separated. When there are users colliding, , the separation of the users' packets can be accomplished if branches of diversity of the mixture signal are available (using multiple antennas, for example). The novelty of the NDMA approach lies in that it builds the diversity through retransmissions dictated by the protocol, without requiring multiple antennas or excess bandwidth. The procedure involves the following operations:
If the BS finds users colliding in a slot, it will instruct those colliding users to retransmit their packets more times in the next
slots; meanwhile, other users are not allowed to transmit until this retransmission procedure is completed 2 .
Finally, the BS receives a total of different versions of the original superposition of the colliding signals, which can be arranged in a matrix form as (2) . . .
or equivalently,
with obvious definitions for the matrices in (3). Now, it becomes a relatively easy task to resolve the user packets from the collision. A simple linear solution, for example, is , provided that has full rank, and an estimate of it is available. The full-rank property of is guaranteed w.p. 1 under the i.i.d. assumption for the coefficients . More involved approaches (e.g., maximum likelihood and successive cancellation) are also applicable. Note that only slots are required to resolve colliding users. No slots are wasted.
The model of (1) can also incorporate the effects of multipath fading, if we consider as the colored version of the original user data. As long as the multipath channel is slowly varying (in particular, is time invariant for the duration of the collision resolution period), the colored user data are the same in each (re)transmission. After the separation of the colliding users, single user equalizers, either training-based or blind, can be employed for each user packet to extract the original user data. A detailed discussion on this topic can be found in [20] .
The NDMA scheme requires that the BS be able to determine the collision multiplicity . The original NDMA technique in [17] uses training sequences to solve this problems. Specifically, a unique ID sequence is assigned to each user, and is used as a prefix for all packets originating from this user. Then the BS can identify the active users by checking the ID's. In order to simplify the problem, the ID sequences are designed to be mutually orthogonal. Since the ID part of the user data obeys the same I/O relation as (1), a matched filterbank (one filter matched to each user ID) will be the optimal detector.
The orthogonal ID requirement simplifies detection, but also brings a major drawback to the NDMA method. The length of the ID sequence is required to grow linearly in the number of the users and not logarithmically, as is usually the case with addressing schemes. Therefore, for a large user population, the induced overhead may be substantial. Furthermore, the orthogonality assumption is sensitive to multipath effects and lack of synchronization of the colliding users. Special joint design of ID sequences and receive filters that can combat dispersive effects of the channel are possible [20] , but at the cost of even longer IDs.
From the viewpoint of signal separation, the NDMA model has many analogies with the popular array signal processing model, where each (re)transmission acts like a "virtual sensor". We will explore this link in the sequel to develop a blind collision detection and resolution NDMA scheme, called B-NDMA for Blind NDMA 3 , using rotational invariance and related factor analysis tools.
III. B-NDMA

A. Retransmission Protocol for B-NDMA
In the model of (3), the data matrix can be viewed as the response of an array of virtual antennas to the colliding data packets, where each row of corresponds to one antenna output. The mixing matrix is like the steering matrix of the array. For a uniform linear array (ULA) the steering matrix exhibits special (Vandermonde) structure, which facilitates signal separation. In order to force the mixing matrix to have the desired Vandermonde structure, we can modify the NDMA retransmission protocol and control each packet's initial phase , instead of leaving it random. Specifically: number 4 
Upon collision and retransmission request by the BS, every user who transmitted in the previous slot will transmit again for as many times as instructed by the BS, but each time multiplying the whole packet by , where is a user index, is a complex
and stands for the th retransmission of the given packet.
This setup is illustrated in Fig. 2 (cf. Fig. 1 for comparison) . Now suppose that a total of transmissions take place for a -fold collision ( is not necessarily equal to ). Similar to (3), we have the received signal matrix (4) where , and are received signal matrix, user signal matrix and observation noise matrix, respectively; and is a Vandermonde matrix 5 . . .
where are the indices of the colliding users. We assume the channels to be slowly fading compared to the collision resolution period. Then frequency-flat fading scales the rows of (multiplying each with a complex constant), while frequency-selective fading colors the rows of (convolving each with a FIR channel). Since our focus here is on user separation and not on the equalization of each individual transmission, we absorb the channel effects in the rows of in the model of (4). Hence, in the sequel, the rows of will represent scaled or possibly colored versions of the transmitted packets. Except for the possibility of a deep fade, this has no effect on the ensuing discussion. 4 The z 's can be pre-assigned by the BS, or drawn at random on-line by each user, in a user-wise independent fashion. For large user populations the choice is immaterial regarding collision resolution perse, but random assignment requires less system setup/administration overhead. 5 We view the initial transmission as the zeroth retransmission, corresponding to initial phase z = 1.
An important point regarding (4) is that the identity of the colliding users is unknown, hence the resulting steering matrix is unknown, even if the 's are pre-assigned. Therefore, blind techniques are needed for determining the number of retransmissions required (equivalent to determining the collision multiplicity ), and resolving the user data . In Section IV, we first develop our blind collision resolution method, assuming is known; we then return to the issue of determining in Section III-D.
B. An ESPRIT-Type Method for Blind Collision Resolution
Consider the noiseless case of (4) (5) where is the noiseless data. Suppose for the moment that the number of colliding users is known, and the BS requests more retransmissions than the collision multiplicity, i.e., . Define matrices and , consisting of the first (respectively last) rows of . Due to the Vandermonde structure of , and admit the following factorization:
where is a matrix consisting of the first rows of , (different from in (3)), and . Under certain conditions, this model is unique, i.e., , , and can be found from , . The idea is similar in spirit to datadomain ESPRIT [11] (but also cf. [12] ). In particular, note that is square/tall and full column rank (true w.p. 1. under our retransmission scheme and the Vandermonde structure), is fat and full rank (persistence of excitation-note that the packet length is much larger than the number of colliding users), and also that contains distinct nonzero elements (true w.p. 1 under the assignment scheme for the 's). Introduce a singular value decomposition of the stacked data matrix (7) where
; hence there exists a nonsingular matrix such that (8) Next, construct the auto-and cross-product matrices (9) Note that all matrices in (9) are square, full-rank. It then follows that (10) i.e., a standard eigenvalue problem. can therefore be determined, up to permutation and scaling of columns. After that, can be recovered from (8) as , and finally can be recovered from (6) as 6 , both under the same permutation and scaling of columns, which carries over from the solution of the eigenvalue problem in (10) .
The ESPRIT algorithm only needs the number but not the identities of the colliding users. Usually there are address strings embedded in the data packets. After recovering the user data packets, the users' identities can be deduced from the address strings. It follows that data-embedded ID's need only be as long as , where is the user population; no orthogonality requirements (wasteful in terms of bandwidth, especially if is large) are imposed on the ID strings. In case the complex exponential generators are pre-assigned (by the BS), the users' identities can also be deduced from the Vandermonde matrix .
If noise is present in the data ( instead of is available), then TLS-ESPRIT can be used [11] . Alternatively, an alternating least squares (ALS) refinement algorithm can be employed. This is explained next.
C. PARAFAC and Trilinear ALS Refinement
Consider the model in (6), and let stand for the -element of , . Then
for all , , , where , , and otherwise obvious notation. Equation (11) is 6 (1) stands for the matrix pseudo-inverse. a -component trilinear decomposition of the three-way array with typical element . PARAllel FACtor (PARAFAC) analysis is a common name for the trilinear decomposition. The identifiability of the model in (6) (and therefore (5) as well) is actually a corollary of uniqueness of low-rank decomposition of three-way arrays [6] , [7] ; see also [2] , [13] - [15] for a compact generalization to the complex case. Now consider the noisy case, and assume that initial estimates and are available from eigenanalysis. One possible matrix view of the data in (11) is (12) where is a matrix holding the 's, and stands for the Khatri-Rao (column-wise Kronecker) product. It follows that for noisy data giving rise to , the conditional least squares estimate of given and is given by . Resorting to the symmetry of the model in (11), similar LS updates can be worked out for and . The resulting round-robin updating algorithm is known in the PARAFAC literature as PARAFAC-ALS 7 or Trilinear ALS (TALS) and it is monotonically convergent (details can be found, e.g., in [14] ). Due to the data smoothing step in going from (5) to (6), the noise in is actually correlated, hence weighted LS is more appropriate. Weighting can be incorporated in TALS; we skip the details for brevity, noting that the weighting gain is small at relatively high SNR.
D. Rank Test Method for Blind Collision Detection
We now return to the problem of detecting the collision multiplicity, . This problem is crucial for the BS to properly schedule the retransmissions to guarantee the resolvability of the colliding users' packets. In addition the BS has to determine from the received mixture signals only, i.e., blindly. This can be accomplished by examining the rank of the received data matrix.
Let us consider the noiseless model in (5), reproduced here for convenience, (13) Usually the packet length is much larger than and , so is fat and full rank, . The Vandermonde structure of and associated signature assignment scheme assure that . Therefore, when , is full rank, ; while when , will lose rank, . This property leads to the following collision detection and retransmission scheduling method:
After each retransmission, say the th retransmission, the BS computes the rank of the data matrix ( indicating that has dimension ). If is full rank, another retransmission is requested. The procedure continues until loses rank. When the retransmission procedure stops, , so the number of retransmissions (not including the initial transmission) is just equal to the number of colliding users. Since the total number of transmissions is , the collision resolution algorithm can proceed.
With noisy observations , we may examine the minimum eigenvalue of the correlation matrix to determine the rank of , and thus the collision multiplicity . Denote the minimum eigenvalue of with . Comparing to a tolerance threshold yields the following rank detector:
is full rank is rank-deficient (14) Though without noise first loses rank when , is not necessarily a good estimate of given a "singular" , when noise is present. In the array signal processing literature, information-theoretic criteria have been used to determine the number of signals impinging on a sensor array [19] . These techniques can also be applied here to estimate from in case of , since the two problems share the same structure. The retransmission scheduling, collision detection, and collision resolution methods developed in this section constitute a complete blind random access solution that spans the two lowest network layers: medium access and the physical layer. The acronym B-NDMA will henceforth stand for the above three components, with the understanding that collision detection is performed via the rank test method, while collision resolution is achieved via eigenanalysis followed by TALS refinement, although several other possibilities exist. B-NDMA performance is next.
IV. PERFORMANCE OF B-NDMA
Throughput and delay are the two most important performance metrics for random access techniques. Three factors come into play in the study of B-NDMA throughput and delay performance. The users' data traffic is of course the primary one. The performance of the collision detector is also very important. When the BS underestimates the number of colliding users and requests insufficient retransmissions, the resolvability condition will be violated and the collision resolution algorithm will fail, hence throughput will suffer. On the other hand, if the BS overestimates the number of colliding users, then extra channel slots will be wasted in unnecessary retransmissions, hence delay performance will suffer. The last factor is the residual bit-error-rate (BER) of the collision resolution algorithm, which may be nonzero even if collision detection is perfect. Residual bit errors beyond the correction capability of the error correcting code (ECC) used to protect the packet's payload translate to effective packet loss.
In order to avoid being overwhelmed by the numerous variations of collision detection and resolution algorithms and ECC schemes, and to make the analysis mathematically tractable and conceptually clear, we will mainly focus on the network aspect (the dependence of throughput and delay on the traffic load), and deal with the ideal case of infinite SNR wherein the BS makes no errors in collision detection and resolution. The results of the infinite SNR case may be viewed as an upper bound on B-NDMA system performance. A discussion of finite SNR effects will be given at the end of this section. The analysis will be corroborated by Monte Carlo simulation for a range of reasonable SNR's.
A. Collision Resolution Epoch
We first introduce the concept of the collision resolution epoch, which is the basis of our analysis. In the B-NDMA scheme, a group of consecutive channel slots are dedicated in transmitting several colliding packets. Hence these slots can be viewed as constituting a collision resolution period, which we call epoch. Fig. 3 illustrates the epoch flow in the channel. The epoch length (i.e., the number of slots in the epoch) is a random variable determined by the number of active users at the beginning of the epoch. In the ideal case (infinite SNR), active users will result in an epoch of length to carry their payloads. Therefore, the probability mass function of the epoch length h is h (15) where is the probability that a user's packet buffer is empty and hence this user is inactive at the beginning of the epoch. is a traffic-dependent parameter.
From the viewpoint of a specific user, say user , two kinds of epochs can be distinguished, according to whether or not user is active in this epoch. 
B. Queueing Analysis of the User's Packet Buffer
In this section we analyze the queue structure of the packet buffer of a typical user in the B-NDMA system. The analysis will produce an expression for , which is the probability of a user's packet buffer being empty at the beginning of an epoch.
We assume that the user's packet buffer is an infinite queue, in which the packets are waiting to be served by the channel. We focus on the number of packets in one user's buffer at the beginning instance of the epoch, and specify it as a state variable. Denoting the state of the epoch with , we are seeking the mass function (or equivalently, its generating function). As a special case . The sequence constitutes a Markov chain with the state transition relation (18) where is the number of new packets that come into the user's buffer during epoch . Denote the steady state generating function of as . We have the following result:
Proposition 1: If the buffer of every user in the system is driven by a user-wise independent Poisson packet arrival process of rate packets/slot, then the number of packets in a user's buffer at the beginning of an epoch has steady state generating function (19) The proof of this proposition can be found in Appendix. To get we may evaluate in (19) at and (applying L'Hopital's rule) obtain (20) Then using (16) and (17), and after straightforward derivations, we obtain (21)
C. Maximum Throughput
Since the collision detection and resolution procedure is perfect under the working assumption of infinite SNR, no packets will be lost in transmission. Throughput is therefore limited by traffic load, and maximum throughput (capacity) can be determined by driving the system with the maximum sustainable traffic load. This can be achieved by setting in (20) . This yields , and maximum throughput -which is monotonically increasing in the user population . Note that the original training-based NDMA approach can only sustain maximum throughput of (again under infinite SNR), due to the fact that a -user NDMA system needs orthogonal ID sequences of length
. If the length of the payload of the data packet is , the net utilization of the channel bandwidth is -which is monotonically decreasing in for a fixed . For large user populations, B-NDMA exhibits better capacity, irrespective of .
D. Delay
It is interesting to note that a user's buffer can be modeled as an M/G/1 queue with vacation 8 , in which the relevant epoch and irrelevant epoch play the roles of the service time and vacation time, respectively. The average system delay (including waiting time in the buffer and transmission time in the channel) for a data packet through an M/G/1 queue with vacation is given by [5] h h h h h
where the moments of h and h in (22) can be computed from their mass functions in (16) and (17) . B-NDMA guarantees blind resolvability at the cost of one extra retransmission relative to training-based NDMA. On the other hand, B-NDMA does not require orthogonal ID's (training), thereby effectively reducing packet length for a given payload. The trade-off improves in favor of B-NDMA as the size of the population increases. Even for small populations and even discounting the training issue, the extra latency is small: Fig. 4 is a comparison between B-NDMA and NDMA 8 The M/G/1 queue model for the B-NDMA system is only an approximation, because the M/G/1 queue model requires that the service time and vacation time are independent, whereas in B-NDMA both are related to traffic load. The approximation is valid if the user population is large-compare the plot of (22) in Fig. 4 with the experimental result in Fig. 8 for J = 16 users.
delay performance for a population of users. The curves depict mean delay versus traffic load for the two systems, without taking training into account. B-NDMA does not incur a significant delay penalty relative to training-based NDMA for up to moderate traffic loads.
E. Some Considerations on the Finite SNR Scenario
For finite SNR, the analysis becomes more involved. It is no longer true that active users always cause transmissions. A more complete description of the collision detector is needed. Such a description is the probability that channels slots are dedicated to resolve a -fold collision, denoted as . is spread as a result of finite SNR, and this causes collision multiplicity under-and over-estimation errors. Under-estimation invariably leads to collision resolution failure, and hence the loss of all data packets involved, resulting in a throughput penalty; while over-estimation wastes channel slots, resulting in a delay penalty.
For the detector given in Section III-D, P
It is clear from (23) that the selection of affects over/underestimation and hence the throughput/delay performance tradeoff. Further analytical insights are possible, but the analysis is lengthy and perhaps of limited use. Section V presents finite SNR simulation results that corroborate our noiseless analysis, demonstrating that the method is actually quite robust in that it exhibits close to ideal performance for down to moderate SNR.
V. SIMULATIONS
We tested the B-NDMA protocol on a simulated slotted cellular packet radio system. Each user's buffer was fed by a Poisson process of rate packets/slot. The uncoded data packet was 274 bits long (equal to the length of the uncoded CDPD packet). A Cyclic Redundancy Code (CRC) was employed for error protection, and the resolved packets were CRCed to determine successful transmission. The channel was modeled as an additive white Gaussian noise channel. Throughout, the rank test method was used for collision detection, and eigenanalysis followed by TALS refinement was used for collision resolution. The collision detection threshold was set at two times the noise power level. We simulated two user population cases:
and 16, each under three SNR scenarios: 10, 15, and 20 dB. The number of channel slots simulated was varied as a function of traffic load, to assure sufficient statistical averaging.
Figs. 5-8 depict B-NDMA throughput and delay versus traffic load . For down to moderate SNR (10 dB or above), B-NDMA exhibits an excellent throughput performance, very close to the ideal noiseless case (a straight line), while delay is low and relatively insensitive with respect to SNR. These results confirm our theoretical analysis. 
VI. CONCLUSIONS
B-NDMA is a significant improvement of the original training-based NDMA scheme. Taking advantage of advanced factor analysis techniques, B-NDMA provides a blind deterministic collision resolution method that guarantees recovery of collided packets without requiring bandwidth-consuming training sequences, while incurring only a modest throughputdelay penalty (blind tradeoff). The method works with multipath channels as well since we do not require the user symbol streams to be i.i.d. Under the assumption that each user's channel is time-invariant for the duration of the collision resolution epoch, the method is applicable for colored symbol streams as well. Upon recovery of the packets, single-user equalization techniques can be used to equalize the individual user's packets using training based or blind techniques.
APPENDIX
The steady state generating function of the state is defined as . From (18 (16) and (17) to obtain that and . Substituting (A.2), (A.3) and (A.4) and the expressions for and into (A.1), and taking the limit of both sides as , we obtain the steady state generating function (19) .
